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Passed into law in 1996, the U.S. Food
Quality Protection Act (FQPA) requires a
more comprehensive assessment than ever
before of pesticide exposure, dose, and effects
(1,2). In particular, the FQPA directs the
U.S. Environmental Protection Agency
(EPA) to consider exposure to potentially
sensitive subgroups in the population, coinci-
dent dietary and nondietary (i.e., aggregate)
exposure, and contemporaneous multichemi-
cal (i.e., cumulative) exposure for pesticide
risk assessment. To implement the FQPA,
the U.S. EPA has been developing new
methods and models to assess aggregate pesti-
cide exposure that could occur in community
settings (3–5). Few reports have been pub-
lished on direct measurements of pesticide
exposure from different potential exposure
pathways and the aggregate exposure posed
by these exposures in residential settings.
This information would be valuable for eval-
uating exposure models and for epidemio-
logic studies of the relationship between
personal pesticide exposure and possible
human health effects (6–9). 
In this paper we report the results of a
longitudinal study of aggregate daily expo-
sure to chlorpyrifos, a commonly used
organophosphate pesticide, in community
and agricultural settings. The data presented
are the product of a pilot investigation of
temporal variation in human exposure to
selected contaminants in multiple media—
the National Human Exposure Assessment
Survey in Maryland (NHEXAS-MD). The
objectives of our study were to assess aggre-
gate daily exposure to chlorpyrifos from
indoor air, carpet dust, exterior soil, and
food; to identify the predominant pathways
of chlorpyrifos exposure among those media;
and to evaluate the reliability of a short-term
measure of exposure for assessment of long-
term average chlorpyrifos exposure.
Methodology
Study population. A stratified probability
sample of 80 individuals over 10 years of age
selected from four contiguous counties and
the city of Baltimore in Maryland enrolled
in the study from September 1995 to
September 1996. All participants provided
informed consent under protocols approved
by an institutional review board. Details of
the sampling strategy and demographic char-
acteristics of the participants are reported
elsewhere (10). Brieﬂy, we collected samples
from selected environmental and biologic
media, as well as questionnaire data, from
each participant in as many as six 1-week
periods (cycles) approximately equally
spaced between September 1995 and
September 1996. Cycles 1–6 correspond to
20 September to 23 December 1995, 15
January to 23 February 1996, 27 March to
20 April 1996, 22 April to 15 June 1996, 18
June to 27 July 1996, and 30 July to 18
September 1996, respectively.
Sample collection and analysis. We col-
lected an indoor air sample by using a small
pump to draw air through an integrated sam-
pler containing an inertial impactor with a
particle cut-point of 10 µm followed by a ﬁl-
ter and polyurethane foam (PUF) plug
(URG Inc., Chapel Hill, NC). We placed
the sampler approximately 1.5 m above ﬂoor
level in an area of unrestricted air ﬂow in the
principal activity room of the household as
identified by the study participant. The
pump ran at 4 L/min with a programmable
timer–controller that directed air through the
PUF sampler for 10 min out of each 70-min
period during 1 week. Total collection time
for each sample was 24 hr, and the target
sample volume was 5.76 m3. Participants
completed a questionnaire on daily time bud-
gets and behavior patterns on each day of the
7-day sampling period for a given cycle. We
used responses to questions concerning body
weight and time spent inside at home to esti-
mate the inhalation rate and average daily
time inside at home, respectively, for each
participant.
We obtained a house dust sample on the
ﬁrst day of each sampling period by vacuum-
ing the carpet in the activity room of the
household using a high-volume small surface
sampler (HVS3; CS-3, Inc., Sandpoint, ID)
(11). By making eight passes with the nozzle
over each strip of carpet, we collected house
dust > 5 µm in diameter into a precleaned
Teﬂon bottle with size selection effected by a
cyclone separator. We sieved out particles
> 150 µm in diameter in the laboratory
before extraction and analysis of the dust
samples. We recorded the area sampled,
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As part of the National Human Exposure Assessment Survey (NHEXAS) in Maryland, we col-
lected indoor air, carpet dust, exterior soil, and duplicate diet samples from a stratiﬁed random
sample of 80 individuals to evaluate aggregate daily exposure, contributions of speciﬁc pathways
of exposure, and temporal variation in exposure to chlorpyrifos. We collected samples from each
participant in up to six equally spaced sampling cycles over a year and analyzed them for chlor-
pyrifos. We used chlorpyrifos concentrations in each medium and self-reported rates of time
spent inside at home, time and frequency of contact with carpet, frequency of contact with soil,
and weights of the duplicate diet samples to derive exposure to chlorpyrifos from each medium as
well as average daily aggregate exposure (nanograms per day). The mean aggregate daily exposure
to chlorpyrifos of 36 measurements obtained from 31 people was 1,390 ng/day (SD, 2,770
ng/day). Exposure from inhalation of indoor air accounted for 84.7% of aggregate daily exposure
to chlorpyrifos on average. Chlorpyrifos concentrations in indoor air and carpet dust and the cor-
responding exposure rates were significantly correlated. Repeated short-term measurements of
chlorpyrifos in carpet dust from individual residences were strongly correlated over time (reliabil-
ity coefﬁcient, R = 0.90), whereas the short-term measurements of chlorpyrifos in indoor air (R =
0.55) and solid food (R = 0.03) had moderate to weak reliability. Exposure to chlorpyrifos
through those media and in aggregate based on direct measurements reported in this study can be
used to understand better the accuracy of pesticide safety assessments. Key words: aggregate expo-
sure, chlorpyrifos, dust, indoor air, reliability, soil, solid food. Environ Health Perspect
110:235–240 (2002). [Online 5 February 2002]
http://ehpnet1.niehs.nih.gov/docs/2002/110p235-240pang/abstract.htmlwhich had a target value of 2 m2. Responses
to the question, “How much time did you
spend laying down or sitting on the carpet or
rugs at home today?” gave us the average
daily frequency of contact with carpet and
average daily time on carpet.
Where possible, we obtained a soil sam-
ple from the respondent’s residence on the
first day of each home visit. We took soil
samples from the yard to evaluate potential
exposure from bare soil and play areas. If the
household had a garden for growing food,
then we obtained a sample of garden soil to
evaluate this possible food and dermal expo-
sure pathway. We sampled foundation soil
to evaluate the potential for exposure from
past application of pesticides for termite con-
trol or other uses. If we found no areas of the
property that met the sampling criteria, we
took no samples. We composited aliquots of
soil obtained from different locations of the
residence into a single sample in the field,
and used responses to the question, “Did
you have soil or dirt from your yard in con-
tact with the skin today?” to obtain average
daily frequency of contact with soil.
Because of limited resources, we selected a
portion of the indoor air, carpet dust, and soil
samples for analysis. We analyzed approxi-
mately 75% of the indoor air and carpet dust
samples collected in cycles 1, 3, and 5, and
approximately 25% of those sample types col-
lected in cycles 2, 4, and 6. To conserve
resources further, we analyzed approximately
half as many soil samples as indoor air or car-
pet dust samples based on the assumption
that this outdoor exposure medium was less
important and less variable than indoor expo-
sure media in this population. Details of sam-
ple selection criteria can be obtained from the
authors. We analyzed indoor air, carpet dust,
and soil samples for chlorpyrifos and 10 other
pesticides at Southwest Research Institute in
San Antonio, Texas. Briefly, samples were
Soxhlet extracted with 6% ethyl ether in
hexane, cleaned through a Florisil column,
and analyzed by gas chromatograph/mass
spectrometry-selected ion monitoring with a
30 m × 0.25 mm i.d. DB5 column (J & W
Scientiﬁc, Folsom, CA).
Details of the solid food sample collec-
tion, analysis, and diet questionnaire proce-
dures are reported elsewhere (9,12). Brieﬂy,
we requested participants to prepare a dupli-
cate portion of meals consumed on four con-
secutive days during each sampling cycle. A
ﬁeld technician recorded the weight of each
4-day solid food sample in cycles 2–6. We
homogenized samples (solid food separate
from beverages) and analyzed them for
selected pesticides at the U.S. Food and
Drug Administration laboratory in Kansas
City, Missouri. We did not record the
weights of duplicate solid samples in cycle 1;
hence, we used the average weight of dupli-
cate solid samples on cycles 2–6 for each
respondent to estimate the respondent-spe-
ciﬁc duplicate diet weights in cycle 1.
Quality assurance. To ensure traceability
and accuracy of the data, we performed a
series of quality assurance steps. A chain-of-
custody form followed each sample and
questionnaire from the field to the labora-
tory and ﬁnally to the database manager. We
omitted from subsequent analysis any sam-
ple data point not accompanied by a com-
pleted chain of custody. We analyzed field
blanks, duplicate ﬁeld samples, and reagent
blanks for the presence of chlorpyrifos as
quality control measures of ﬁeld and labora-
tory methods. We did not detect chlorpyri-
fos in any ﬁeld blank or reagent blank in our
study. Chlorpyrifos concentrations were
comparable in the pairs of primary and
duplicate samples. We determined detection
limits (DL) and recovery efficiencies for
chlorpyrifos in each medium throughout the
study. The average DL was 0.720 ng/m3
(range, 0.577–0.773 ng/m3) in indoor air
samples, 240 ng/g (35.2–1,700 ng/g) in car-
pet dust samples, and 5.24 ng/g (2.96–9.16
ng/g) in soil samples. The chlorpyrifos DL
in food samples was 100 ng/kg and was con-
stant over the course of the study. We deter-
mined recovery efficiency by fortified
samples. We spiked extraction matrices with
known amounts of analyte, which were
about 200 ng of chlorpyrifos into PUF and
6 µg of chlorpyrifos into 2.0 g of sieved dust
or 30 g of soil, and we spiked solid food
samples to a concentration in the range of
10.9–18.6 µg/kg. We analyzed spiked sam-
ples as ordinary samples. The spike recover-
ies centered near 100% and had a range of
95.0–119% for PUF samples, 78.0–152%
for dust samples, 92.0–144% for soil sam-
ples, and 84.7–95.8% for duplicate solid
food samples.
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Table 1. Data and models used to estimate exposure to chlorpyrifos.
Parameter Unit Reference
Inhalation of indoor air
Cair, concentration of chlorpyrifos in indoor air ng/m3 Primary data
T, time indoor at home min/day Primary data
Body weight kg Primary data
Surface area (body weight × 0.049 m2/kg) m2 (29)
IhR, inhalation rate (surface area × 5 L/min/m2 for male, L/min (30)
surface area × 4.7 L/min/m2 for female)
AF, absorption factor (constant, 1.0) NA (4,18)
Exposure (Cair × T × IhR × AF/1,000) ng/day Calculated
Incidental ingestion of carpet dust
Cdust, concentration of chlorpyrifos in carpet dust ng/g Primary data
IgR, ingestion rate (constant, 0.56 mg/day) mg/day (13)
F, frequency of contacting carpet times/day Primary data
AF, absorption factor (constant, 0.5) NA (4,26,27)
Exposure (Cdust × IgR × F × AF /1,000) ng/day Calculated
Dermal absorption of carpet dust
Cdust, concentration of chlorpyrifos in carpet dust ng/g Primary data
Weight of dust g Primary data
Area of carpet m2 Primary data
L, loading on carpet (Cdust × weight/area) ng/m2 Calculated
TF, transfer coefﬁcient (constant, 0.6 m2/hr) m2/hr (31)
T, time on carpet hr/day Primary data
AF, absorption factor (constant, 0.01) NA (4,26,27)
Exposure (L × TF × T × AF) ng/day Calculated
Incidental ingestion of soil
Csoil, concentration of chlorpyrifos in soil ng/g Primary data
IgR, ingestion rate (constant, 480 mg/day) mg/day (13)
F, frequency of contacting soil times/day Primary data
AF, absorption factor (constant, 0.5) NA (4,26,27)
Exposure (Csoil × IgR × F × AF /1,000) ng/day Calculated
Dermal absorption of soil
Csoil, concentration of chlorpyrifos in soil ng/g Primary data
AdF, adherence factora mg soil/cm2 (13)
SA, surface area (constant, 5,000 cm2)c m 2 (13)
F, frequency of contacting soil times/day Primary data
AF, absorption Factor (constant, 0.01) NA (4,26,27)
Exposure (Csoil × AdF × SA × F × AF/1,000) ng/day Calculated
Ingestion of solid food
Cfood, concentration of chlorpyrifos in solid food ng/kg Primary data
W, weight of average daily duplicate plate kg/day Primary data
AF, absorption factor (constant, 0.5) NA (4,26,27)
Exposure (Cfood × W × AF) ng/day Calculated
NA, not applicable.
aWe estimated the adherence factor as average of the adherence factors among different parts of body associated with
relevant outdoor activities, such as greenhouse gardening and irrigation installation.Data analysis. The models, variables, and
constants in the data set used to estimate
exposure to chlorpyrifos from each pathway
are shown in Table 1. Chlorpyrifos concen-
trations in each medium below the respective
DL were set to zero. We quantified inhala-
tion of indoor air, incidental ingestion of car-
pet dust, incidental ingestion of soil, dermal
absorption of carpet dust, dermal absorption
of soil, and ingestion of food as the pathways
of exposure to chlorpyrifos. We calculated
pathway-specific exposure (nanograms per
day) as a function of chlorpyrifos concentra-
tion in the exposure medium; time spent in
the microenvironment; inhalation, ingestion,
or contact rate with the medium of interest;
and the fraction of chlorpyrifos absorbed by
the lung, skin, and gastrointestinal tract (13).
We computed aggregate daily exposure to
chlorpyrifos as the sum of average daily expo-
sure from all six pathways.
We generated descriptive statistics for
chlorpyrifos concentration and exposure
from each pathway and in aggregate, samples
containing a detectable amount of the ana-
lyte. We computed contributions to aggre-
gate exposure from each pathway for each
observation. The data exhibited strong posi-
tive skewness, and some exposures were the
product of binary factors yielding nonnor-
mal distributions (skewness > 3.21). For
nonzero pairs of data, we used Spearman
correlation to evaluate rank associations
between chlorpyrifos concentrations in sam-
ple media and exposures from different path-
ways. We calculated Pearson correlation
coefﬁcients for comparison as well.
Reliability is a concept used to describe
the degree to which a randomly selected sin-
gle measure of exposure taken from a set of
measures for an individual represents their
long-term average exposure. To estimate the
reliability of a short-term measure of daily
exposure to chlorpyrifos for individuals, we
computed the intraclass correlation coeffi-
cient of reliability (R) with indoor air, carpet
dust, and food concentration data. R is the
ratio of between-person variance to the total
variance observed in a repeated-measure
study (14). R ranges from 0 to 1, with values
near zero indicating low reliability and values
near one indicating high reliability. In this
study, the temporal variability observed is a
characterization of within-person variability,
whereas the total variability is a combination
of the temporal variability of within-person
and the between-person variability.
Results
The final data set contained 107 observa-
tions from 44 participants for indoor air,
126 observations from 50 participants for
carpet dust, 60 observations from 41 partici-
pants for soil, and 379 observations from 75
participants for solid food. Thirty-six home
visits from 31 participants yielded contem-
poraneous measurements of indoor air, car-
pet dust, soil, and solid food, and we used
these observations to calculate aggregate
daily chlorpyrifos exposure. The numbers of
observations for each medium of the six
sampling cycles are shown in Table 2.
Chlorpyrifos was present at detectable
levels in 92.5% of indoor air samples, 79.4%
of carpet dust samples, 40% of soil samples,
and 38.3% of solid food samples. Table 3
presents summary statistics of chlorpyrifos
concentrations in indoor air, carpet dust, soil
and solid food samples; exposure to chlor-
pyrifos from each pathway; and aggregate
daily exposure. The mean dust loading from
participating households was 3.55 g/m2 (SD,
8.01 g/m2) with a range of 0.10–51.97
g/m2. The distribution of chlorpyrifos con-
centrations in each medium was skewed
right and ranged over two to four orders of
magnitude. The fraction of sampling visits
for which there was nonzero exposure to
chlorpyrifos because of detectable levels of
chlorpyrifos in the exposure medium and
contact with the exposure medium were as
follows: indoor air, 93% (99 of 107); carpet
dust, 45% (57 of 126); soil, 18% (11 of 60);
and food, 38% (135 of 356). Aggregate daily
chlorpyrifos exposure computed as the sum
of exposure from the six pathways was also
skewed right and ranged from 13.5 ng/day
to 12,800 ng/day, with a mean of 1,390
ng/day (SD, 2,770 ng/day).
Exposure from indoor air accounted for
the majority of aggregate daily exposure to
chlorpyrifos, contributing 84.7% on average.
Solid food intake accounted for 13.2% of
the average aggregate daily exposure.
Incidental ingestion of carpet dust, dermal
absorption of carpet dust, incidental inges-
tion of soil, and dermal absorption of soil
contributed 0.06%, 0.76%, 1.18%, and
0.01%, respectively, on average to aggregate
daily exposure. The percentage contributions
to aggregate chlorpyrifos exposure from each
pathway for each observation are shown in
Figure 1. Exposure from inhalation of
indoor air accounted for the majority of
aggregate exposure for most observations. In
several high-aggregate–exposure observa-
tions, contributions of solid food accounted
for a substantial fraction of the total.
We restricted correlation analysis to those
observations with nonzero measurements and
between pathways that we considered a priori
Articles • Analysis of aggregate exposure to chlorpyrifos
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Table 2. The numbers of indoor air, carpet dust, soil, and solid food samples and the number of observations
with samples from all four media by cycle and overall.
Cycle Indoor air Carpet dust Soil Solid food All four media
12 7 4 5 4 07 4 2 4
21 2 1 2 0 6 4 0
32 4 2 4 2 5 9 1
42 1 2 0 0 6 0 0
51 3 1 3 1 34 0 1 0
61 0 1 2 5 5 9 1
Overall 107 126 60 356 36
Table 3. Summary statistics for chlorpyrifos concentrations and average exposures from indoor air, carpet dust, soil, and solid food.
No. Mean SD Min 5% 25% 50% 75% 95% Max
Chlorpyrifos concentration in the four media
Indoor air (ng/m3) 107 31.7 89.1 0 0 2.83 6.71 21.9 149 798
Dust (ng/g) 126 2.38 × 103 4.98 × 103 00 103 355 1.75 × 103 1.15 × 104 2.70 × 104
Dust (ng/m2) 126 7.31 × 103 2.05 × 104 00 101 451 1.89 × 103 5.18 × 104 1.16 × 105
Soil (ng/g) 60 204 951 0 0 0 0 30.6 492 6.49 × 103
Food (ng/kg) 356 748 2.21 × 103 0000 850 2.90 × 103 2.43 × 104
Average daily exposure (ng/day) through the different pathways and in aggregate
Inhalation of indoor air 107 594 1.60 × 103 00 34.2 103 463 2.99 × 103 1.39 × 104
Incidental ingestion of carpet dust 126 0.103 0.357 0 0 0 0 0.0722 0.386 3.22
Dermal absorption of carpet dust 126 4.25 22.1 0 0 0 0 1.3437 15.8 239
Incidental ingestion of soil 60 4.27 27.7 0 0 0 0 0 6.81 214
Dermal absorption of soil 60 0.0394 0.256 0 0 0 0 0 6.28 × 102 1.98
Ingestion of solid food 356 285 902 0 0 0 0 328 1.24 × 103 1.02 × 104
Aggregate 36 1.39  × 103 2.77 × 103 13.5 13.8 62.3 112 1.08 × 103 9.75 × 103 1.28 × 104
Abbreviations: Max, maximum; Min, minimum.to have plausible physical associations.
Chlorpyrifos concentrations in indoor air and
carpet dust were significantly correlated in
rank order (n = 72, Spearman r = 0.56,
p = 0.0001), whereas the linear correlation
was weaker and not significant (n = 72,
Pearson r = 0.17, p = 0.1247). Exposure from
inhalation of indoor air was signiﬁcantly cor-
related in rank order with exposure from inci-
dental ingestion of carpet dust (n = 41,
Spearman r = 0.44, p = 0.0038) and dermal
absorption of carpet dust (n = 41, Spearman
r = 0.60, p = 0.0001); the linear correlations
were weaker and not significant (ingestion,
n = 41, Pearson r = 0.14, p = 0.3925; absorp-
tion, n = 41, Pearson r = 0.01, p = 0.9698).
The concentration in soil was not signifi-
cantly correlated with the concentrations in
indoor air (n = 18, Spearman r = 0.29,
p = 0.2502) or in carpet dust (n = 16,
Spearman r = 0.13, p = 0.6251).
We calculated reliability to evaluate tem-
poral variability in the data sets restricted to
participants who were involved in two or
more sampling cycles for indoor air, carpet
dust, and solid food. The intraclass correla-
tion coefﬁcient of reliability was 0.55 for the
concentrations of chlorpyrifos in indoor air
(n = 85). For the concentrations of chlor-
pyrifos in carpet dust (n = 99) and duplicate
plates (n = 356), the intraclass correlation
coefficient of reliability was 0.90 and 0.03,
respectively.
Discussion
Information on the sources and magnitude
of chlorpyrifos exposure is important for
exposure and risk assessment of populations
and individuals regarding potential health
impacts of this common insecticide. In addi-
tion, the direct measurements of exposure to
chlorpyrifos through indoor air, carpet dust,
soil, and solid food reported in this study
can be used to understand better the accu-
racy of pesticide safety assessments based on
indirect methods or models.
Chlorpyrifos concentrations and expo-
sures through different pathways based on
those media have been measured or mod-
eled in other studies, although few of these
investigations contain the breadth of expo-
sure media and pathways provided through
the present work. The chlorpyrifos detec-
tion frequency and concentrations in our
study for indoor air, carpet dust, and soil
were in the same range as those from
NHEXAS–Arizona (15) and the Minnesota
Children’s Pesticide Exposure Study
(MNCPES) (16). Chlorpyrifos concentra-
tions in settled dust and indoor air follow-
ing indoor broadcast and other application
methods may be 10-fold greater than the
corresponding concentrations in the present
study (17–19). Yet, our highest levels are in
the range of the lowest levels observed up to
10 days after indoor application of chlor-
pyrifos (18).
Scenario-based estimates of exposure to
chlorpyrifos are much greater than the expo-
sures observed in our study and sometimes
produce different conclusions about the rela-
tive contributions from different exposure
media. For example, Fenske et al. (17) con-
cluded that dermal absorption represented
approximately 68% of the aggregate exposure
(0.04–0.06 mg/kg/day) to a hypothetical
infant. In contrast, our results agreed with
Byrne et al.’s (18) ﬁnding that contact with
household surfaces and subsequent hand-to-
mouth activity contribute little to overall
chlorpyrifos exposure. Similarly, estimates of
nondietary ingestion of chlorpyrifos from
treated indoor and outdoor surfaces pub-
lished in a modeling study were up to several
orders of magnitude higher than correspond-
ing measures in our study (5). Several investi-
gations have been conducted of exposure to
chlorpyrifos via solid food ingestion. Details
of comparisons between those works and our
study are reported elsewhere (9). Caution
should be exercised when comparing expo-
sure values across studies because of differ-
ences in application rates, study populations,
and sampling and analysis protocols.
To evaluate aggregate daily exposure to
chlorpyrifos accurately, pathways and activi-
ties that represent the greatest potential
exposure should be identified correctly.
Aggregate daily exposure as assessed in the
present study accounted only for pathways
and activities related to the residence.
Exposure to chlorpyrifos from environmen-
tal media in work areas and other places is
required to conduct a more comprehensive
aggregate assessment. Nevertheless, the time
activity data show that people in this popula-
tion spent the majority of their time inside
at home every day (mean = 16 hr), which
suggests residential exposure is an important
part of aggregate exposure. The duplicate
plate methodology employed here is prone
to its own types of errors. For example, 9%
of the respondents indicated that at least
some food was not included in the diet sam-
ples for reasons including illness, travel, not
eating at home, limited food availability, and
fatigue. Regarding limitations of the inhala-
tion assessments, we measured chlorpyrifos
concentrations in indoor air in one location
in each household. Data are needed on the
spatial distribution of indoor air chlorpyrifos
levels to assess the impact of this limitation
on our results, although data for other air
pollutants indicate that spatial variation
within homes is low in the absence of dis-
crete emission sources (20,21). Similarly, we
collected dust samples from a limited area of
carpet in each household. Additional data
are needed to evaluate the spatial variability
of chlorpyrifos in settled dust indoors
including carpet and hard surfaces in the
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Aggregate chlorpyrifos exposure (ng/day) ranked in ascending order
Inhalation of indoor air
Ingestion of carpet dust
Dermal absorption of dust
Ingestion of solid food
Dermal absorption of soil
Ingestion of soil
Figure 1. Pathway-speciﬁc percentage contributions for individual observations of aggregate chlorpyrifos
exposure.household. However, data from the
MNCPES indicate that chlorpyrifos loading
(nanograms per square centimeter) on carpet
and smooth indoors surface may be similar
(16); thus, we did not quantify a potentially
signiﬁcant pathway of dermal and incidental
ingestion exposure. We did not detect chlor-
pyrifos residues in duplicate beverage and
drinking water samples (9,22); thus, omit-
ting these media from the assessment had no
impact on estimates of aggregate exposure.
Our ability to evaluate soil-derived exposure
was limited by the small sample size for this
medium (only 60 observations from three
cycles). Although the available information
suggests soil is a minor contributor to aggre-
gate exposure for this population, more data
are needed to assess this pathway fully. We
obtained contact frequency and contact time
for all pathways except ingestion from food
in our study from questionnaires rather than
via direct measures based on observations,
videography, or even diaries (23). That
means that our results may be inﬂuenced by
participants’ memories. We obtained factors
used to estimate inhalation rate, transfer of
dust and soil from surface to skin, and
absorption of chlorpyrifos from the exposure
literature (Table 1). For example, we esti-
mated the adherence factor used in dermal
absorption of soil as the average of the
adherence factors associated with potentially
relevant outdoor activities (13). Because of
these limitations in knowledge, the assess-
ment conducted for dermal and incidental
ingestion exposure is highly uncertain.
A principal objective of this study was to
identify the important pathways of chlorpyri-
fos exposure for this population. We found
that inhalation of indoor air and ingestion of
solid food accounted for almost all (97.9%
together) exposure to chlorpyrifos on average.
This result is based on only 36 observations
for which we have contemporaneous chlor-
pyrifos concentration and exposure factor
data for indoor air, carpet dust, soil, and solid
food. By omitting soil pathways, 96 observa-
tions of aggregate exposure are obtained
based on indoor air, carpet dust, and solid
food. In that case, exposure from inhalation
of indoor air still accounted for the majority
(76.1%) of aggregate daily exposure to chlor-
pyrifos on average, followed by solid food
intake at 22.8%. Incidental ingestion and
dermal absorption of carpet dust contributed,
on average, 0.04% and 1.0%, respectively, in
this larger data set. This information indi-
cates that our conclusions about contribu-
tions from each pathway were not unique to
the 36-observation data set.
Our choice to treat nondetectable chlor-
pyrifos concentrations as zero rather than a
nonzero value did not bias the aggregate
exposure ﬁndings. For example, when we set
nondetects to one-half the DL for the respec-
tive media, inhalation accounted for 72% of
population exposure and diet for 26%, and
each of the other pathways contributed < 1%
to the total exposure.
Lack of knowledge about absorption of
chlorpyrifos in the lung and gastrointestinal
tract and through the skin contributes to
uncertainty in the exposure estimates pre-
sented here. For example, we are not aware
of empirical data on chlorpyrifos absorption
following respiratory exposure. We assumed
that 100% of inhaled chlorpyrifos is
absorbed, following Hubal et al. (4) and
Byrne et al. (18), whereas other investigators
have assumed a 70% absorption efficiency
for respiratory exposures (24,25). Human
volunteers who ingested neat chlorpyrifos are
estimated to have absorbed 70–90% of the
administered dose (26,27). We assumed that
50% of ingested chlorpyrifos is absorbed in
accordance with assumptions made by a
team of U.S. EPA investigators (4) under the
assumption that the food matrix inhibits
absorption. The dermal absorption efﬁciency
of chlorpyrifos is reported to be approxi-
mately 1% based on studies with human
volunteers (26,27). Values in this range have
been used in other dermal exposure and
dose-modeling studies (4,18,25). Additional
knowledge is needed about absorption of
chlorpyrifos across biologic membranes. Yet,
the current degree of uncertainty does not
alter our ﬁndings that inhalation and dietary
ingestion are the principal pathways of expo-
sure for this study population.
The findings from repeated-measure
studies have implications for tools such as
epidemiology and quantitative risk assess-
ment that are used to evaluate the potential
effects of environmental contaminants on
human health. In the NHEXAS-MD study,
we found moderate (R = 0.55) within-person
variability of chlorpyrifos concentration in
indoor air over time, indicating that within-
person and between-person variation con-
tributed almost equally to total variance in
the short-term measure of indoor air concen-
tration. We found low temporal variability
of chlorpyrifos concentration in carpet dust,
indicating that the timing of dust sample
collection may not be an important design
consideration in the absence of a recent pes-
ticide application event. But mean time
spent inside the home and carpet contact
rate varied significantly among cycles and
among days for individuals (10,28). Dietary
intake of chlorpyrifos exhibited low reliabil-
ity, perhaps because of variation in short-
term food consumption and in the
occurrence and exposure concentration of
chlorpyrifos among servings of food com-
modities. Thus, with regard to determining
the levels of exposure for an epidemiologic
study, our results indicate that a single short-
term measure of chlorpyrifos exposure for an
individual based on environmental monitor-
ing and exposure factor data may not yield
an accurate estimate of chronic exposure for
that individual.
Conclusion
Research is needed to reduce uncertainty
about exposure concentrations, factors, and
models and to yield more realistic assess-
ments of aggregate exposure to environmen-
tal contaminants (4). NHEXAS-MD is a
pilot investigation for future national-scale,
multimedia, multipollutant exposure assess-
ment studies. The study design affords eval-
uation of aggregate daily chlorpyrifos
exposure from realistic ordinary life in a ran-
domly sampled population. Direct measure-
ments of chlorpyrifos concentrations in
potential contact media and time activity
pattern data such as those reported here, in
conjunction with data from controlled
experiments and improved exposure factor
information, can help to reduce uncertainty
in pesticide exposure and risk assessments.
The results of the present aggregate exposure
study are based on measurements of chlor-
pyrifos in indoor air, carpet dust, soil, and
solid food. The aggregate exposure rate for
chlorpyrifos varied over a wide range and up
to 12.8 µg/day. Inhalation of indoor air was
the most important pathway of aggregate
exposure. Concentrations of chlorpyrifos in
indoor air and carpet dust were signiﬁcantly
correlated, which may have implications for
aggregate exposure to this substance and
other semivolatile insecticides. The
NHEXAS-MD study design helps to illus-
trate patterns in aggregate temporal exposure
to chlorpyrifos through various media. The
timing of sample collection may not be
important for assessment of chlorpyrifos con-
centration in carpet dust but could inﬂuence
the results of indoor air and solid food chlor-
pyrifos measurements. However, variation in
exposure to chlorpyrifos from those media
and in aggregate should be considered with
respect to temporal variability of people’s
activity patterns.
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